Abstract. We present simulations of supersonic collisions between molecular clouds of mass 500 M and radius 2.24 pc. The simulations are performed with the SEREN SPH code. The code treats the energy equation and the associated transport of heating and cooling radiation. The formation of protostars is captured by introducing sink particles. Low velocity collisions form a shock-compressed layer which fragments to form stars. For high-velocity collisions, v r el 5 km s −1 , the non-linear thin shell instability strongly disrupts the shock-compressed layer, and may inhibit the formation of stars.
Introduction
Cloud-cloud collisions may be important in understanding the star-formation process. The supersonic collision of clouds can compress gas causing it to become gravitationally unstable and collapse into stars. Clouds may also merge or disperse in collisions. Feedback from stellar clusters created by cloud-cloud collisions may cause the recoil of the original clouds, which can then go on to collide with other clouds. Whitworth et al. (1994) analysed the effects of the gravitational instability in a shocked layer. They found that fragments in the layer could be Jeans-unstable and collapse gravitationally, with the fastest modes being those of approximately the Jeans length. They derive the typical fragment separation
where M is the Mach number of the collision relative to the sound speed in the layer c s . Vishniac (1994) describes for the first time the non-linear thin shell instability (NTSI). He studies the growth of the instability in an initially perturbed shock-compressed slab. Ram pressure acts along the collision axis, however thermal pressure is always normal to the slab. In the NTSI, this creates a shear in the outer layers of a perturbed slab, driving material towards the extremities of the perturbation and strengthening it.
Vishniac derives the growth rate of the NTSI as
over unstable wavenumbers
where L is the thickness of the slab, V s is the velocity of the shock, c s is the sound speed in the shock, and R is the propagation distance over which zeroth order shock properties evolve. For a stationary slab, R = V e × t, the velocity of the external gas multiplied by the time since the slab was formed. The NTSI should be strongest for high Mach number collisions, as these will have a higher density contrast. 
Method
We set up spheres of radius 2.24 pc and mass 500 M containing six million settled SPH particles. The spheres are initially touching. We collide our clouds head-on at Mach 4, 8, 12, 16 and 40, assuming a sound speed of 0.25 km s −1 . We also superimpose a weak turbulent velocity field of purely solenoidal turbulence with r.m.s. velocity 0.1 km s −1 . This is too weak to significantly support the cloud but may seed instabilities.
We use an MPI-parallelized version of the SEREN (Hubber et al., 2010) code to simulate cloud-cloud collisions with smoothed particle hydrodynamics (SPH). We include self-gravity. We use sink particles to represent protostellar objects with a sink creation density of 10 −12 g cm −3 . We use the Monaghan (1997) method of artificial viscosity; we use the Morris & Monaghan (1997) switch to reduce viscosity away from shocks. As in Price & Federrath (2010) , we use β = 4 instead of the standard β = 2 to enhance viscosity in high Mach number shocks.
We use the Stamatellos et al. (1997) method to follow the energy equation and capture the effects of heating and cooling radiation. One limitation of this method is that it assumes the gas and dust are well-coupled and so below a density of ∼10 5 cm −3 it is likely to overestimate the cooling and underestimate the gas temperature. (Mach 4, 8, 12 & 16) Figure 1 shows column densities along the collision axis. In the Mach 4 and Mach 8 collisions the layer appears to have fragmented into a filamentary structure. For the Mach 12 and Mach 16 collisions the network of linear filaments has been largely replaced by a more 'clumpy' structure. Although this is also organized into a filamentary network, in many cases clumps exist that are completely separate from these networks. We suggest that this is due to the combination of the gravitational instability and the NTSI as the Mach number increases.
Results

Low velocity collisions
The expected length scale of fragmentation is larger than that observed in the filamentary structure by approximately a factor of two. The exception to this is the slowest (Mach 4) collision, but this snapshot is taken at a later time when the pattern of fragments has begun to collapse. All four low-velocity simulations produce sink particles. Figure 2 shows the sink mass functions; these are noisy but compatible with the Kroupa (2002) IMF.
High velocity collision (Mach 40)
This collision produces no sink particles. Instead, the shocked layer is unstable to the NTSI and eventually breaks up completely. This can be seen in figure 3 which shows cross-sections of density in the x-y plane. The initially weak perturbations grow nonlinearly until they saturate and the layer becomes bloated and chaotic. This collision does not form stars.
In figure 4 we show the growth rates of the NTSI as a function of wavenumber |k|, for a number of time intervals. At early times the NTSI is not fully developed, but at intermediate times the growth rate obeys the expected relation τ −1 ∝ |k| 3/2 up to the wavenumber equivalent to the thickness of the layer |k| ∼ 10. At later times than shown the NTSI is saturated and no longer obeys the Vishniac growth rate.
